Introduction: Two-dimensional (2D)-phased vertical cavity surface-emitting laser (VCSEL) arrays offer unique advantages for scaling up single-mode power for high-brightness applications such as fibre laser pumps. They tend, however, to operate in the undesirable out-of-phase mode, which has an on-axis null in the far field [1] . In-phase VCSEL arrays with an on-axis maximum in the far field have been obtained primarily with antiguided, top-emitting designs [2] [3] [4] [5] . These structures, however, face difficult challenges in thermal management and current injection uniformity, especially for larger arrays. These difficulties can be substantially mitigated with a bottom-emitting design, as commonly used for high-power incoherent 2D VCSEL arrays. The key design advantages include significantly reducing thermal resistance from the active region to the heatsink and direct current injection into the array elements. Previous bottom-emitting coherent arrays have employed reflectivity modulation and/or mesa etching, which led to an out-of-phase operation [1, 6, 7] . We report a bottom-emitting VCSEL array with an antiguided index profile created by a simple, self-aligned process to demonstrate in-phase, continuous-wave (CW) emission, which represents a critical step towards coherent, high-brightness arrays.
Fabrication:
The bottom-emitting arrays, as shown in the schematic of Fig. 1 , consist of an n-doped GaAs substrate, a 29-period n-type output distributed Bragg reflector (DBR), an active region emitting nominally at 980 nm and a high reflectivity p-type DBR with 30 periods. An array of 6 × 6 µm, 3 µm-thick Au squares are formed by an electroplating process (over a thin Au layer) to define both the ohmic contact and an ion implantation mask to pixelate current injection into the array elements [4] . After thinning the substrate, an electrode pattern was deposited on the polished substrate side around the array perimeter. The array size is determined in this work by patterns etched with a focused ion beam into the high reflectivity DBR. The current injected into the elements creates an antiguided index pattern which can support the 'in-phase' mode, where neighbouring elements are locked in phase [8] .
go ld p-t yp e DB R im pla nt ac tiv e re gio n n-typ e DB R su bs tra te bo tto m co nt ac t A slice of the near field is taken at the black line in Fig. 3a to estimate the refractive index profile. This profile is shown in Fig. 3c and is determined from the same maximum carrier density value (5 × 10 18 cm − 3 ) and temperature distribution described in [8] . Given this index profile, a one-dimensional Helmholtz equation is solved using the finite difference method to yield the theoretical near-field modal intensity shown in Fig. 3c [8] . The measured near-field slice from Fig. 3b is also displayed for comparison in Fig. 3c and shows good agreement, including the fringe between the elements. On separating the near field into the three elements delineated by the red lines shown in Fig. 3b , the left and right elements labelled ' + ' are assumed to be in-phase, whereas the central lobe labelled ' − ' is assumed to be π out-of-phase. The beam is then propagated to the far field based on the Fraunhofer approximation [9] . This simulated far field, displayed in Fig. 4a , shows good agreement with the experimentally determined far field shown in Fig. 4b , which has a FWHM of 2.1°. The lasing spectra, plotted at various currents in Fig. 4c , show that the array operates in a single mode under an injection current range of 8.7 ± 0.5 mA. Our observations thus demonstrate that the array is operating in the preferred [ + / + ] mode with an on-axis far-field maximum. 2D VCSEL arrays: Intensity profiles for 2D bottom-emitting arrays are depicted in Fig. 5 . A sub-threshold near-field image for a 2 × 2 array is shown in Fig. 5b , indicating gain pixelation. The far field at 6.4 mA (1.3 ×I threshold ) current injection is shown in Fig. 5a , and exhibits a narrow on-axis lobe as expected for a 2D in-phase array [5] . However, the corresponding near-field image in Fig. 5c and the multimode spectral data do not correlate with a single in-phase mode. The FWHM of the central far-field lobe in Fig. 5a is 3 .8°, which is between that mentioned above for the single element and the in-phase 2 × 1 array, indicating partial coherence. It is difficult to achieve uniform current injection in top-emitting arrays with more than two elements in both dimensions. One approach is to use metal contacts between the array elements, but unless carefully phase matched [3] , this has the undesired effect of discriminating against the preferred in-phase mode [1, 6] . The sub-threshold image of a 3 × 3 bottom-emitting array is shown in Fig. 5d . The current is found to distribute much more evenly than that which is observed with top-emitting arrays. Above threshold, this 3 × 3 array was found to support multiple modes simultaneously because of lack of sufficient modal discrimination.
Conclusions:
Various ion-implanted bottom-emitting VCSEL array geometries have been characterised. We have demonstrated the first in-phase operation of a coherently coupled bottom-emitting VCSEL array and shown improved current uniformity in a large array, representing a critical step towards coherent, high-brightness, 2D VCSEL arrays. The primary challenges encountered are interference effects and lack of sufficient modal discrimination. Optical interference arising from the substrate/air interface can be mitigated by deposition of an antireflection coating onto the substrate. Improved modal discrimination requires careful design and control of the real and imaginary parts of the array's index profile. Some approaches to achieve this include varying the element size and separations, incorporating a photonic crystal pattern [5, 8] , and patterning the top metal to vary the reflectivity profile [1, 3] .
